SUMMARY
Sexual selection is widely appreciated for generating remarkable phenotypic diversity [1, 2] , but its contribution to adaptation and the purging of deleterious mutations is unresolved [3] . To provide insight into the impact of sexual selection on naturally segregating polymorphisms across the genome, we previously evolved 12 populations of Drosophila serrata in a novel environment employing a factorial manipulation of the opportunities for natural and sexual selection [4] . Here, we genotype more than 1,400 SNPs in the evolved populations and reveal that sexual selection affected many of the same genomic regions as natural selection, aligning with it as often as opposing it. Intriguingly, more than half of the 80 SNPs showing treatment effects revealed an interaction between natural and sexual selection. For these SNPs, while sexual selection alone often caused a change in allele frequency in the same direction as natural selection alone, when natural and sexual selection occurred together, changes in allele frequency were greatly reduced or even reversed. This suggests an antagonism between natural and sexual selection arising from male-induced harm to females [5] . Behavioral experiments showed that males preferentially courted and mated with high-fitness females, and that the harm associated with this increased male attention eliminated the female fitness advantage. During our experiment, females carrying otherwise adaptive alleles may therefore have disproportionally suffered male-induced harm due to their increased sexual attractiveness. These results suggest that a class of otherwise adaptive mutations may not contribute to adaptation when mating systems involve sexual conflict and male mate preferences.
RESULTS AND DISCUSSION
Darwinian selection can arise both from variation in nonsexual fitness (i.e., viability and fecundity) and from variation in sexual fitness (i.e., reproductive success), with the latter being known as sexual selection. Although selection arising from variation in nonsexual fitness (hereafter ''natural selection'' for simplicity) will often improve the fit of organisms to their environments, the effects of sexual selection on adaptation are less clear. If healthier and more vigorous individuals tend to have higher reproductive success, then alleles increasing nonsexual fitness will also tend to increase sexual fitness, resulting in the alignment of natural and sexual selection [1, 3, 6] . Much of the genome likely contributes to an individual's health [6, 7] , suggesting genome-wide sexual selection favoring alleles of high nonsexual fitness [3] . Alternatively, sexual selection may reduce nonsexual fitness through the evolution of costly secondary sexual traits and mate preferences [5, [8] [9] [10] [11] and, because it is sex specific, can also generate sexual conflict [12] [13] [14] .
Results of experimental studies of the alignment of natural and sexual selection are mixed. Several experiments have manipulated the opportunity for sexual selection and then measured the consequences for population mean fitness or components thereof, beginning either from standing genetic variance [4, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] or from novel mutational variance [25] [26] [27] . This approach integrates genetic effects across much of the genome, meaning the net effect on fitness may be dominated by sets of segregating alleles with opposing effects on sexual versus nonsexual fitness, obscuring underlying patterns at individual loci. It is therefore unclear how to interpret the results of many of these studies that suggest a net cost of sexual selection. An alternative approach assays the effects of individual deleterious mutations on male sexual fitness [3, [28] [29] [30] [31] [32] [33] . Although the effects of individual alleles are known in this case, inference is restricted to one or a few loci and tends to concern alleles with fitness effects that are likely unrepresentative of novel deleterious mutations or those fixed during adaptation. In addition, in both of the above approaches, measuring total fitness in the environment in which the populations have evolved is an empirical challenge.
Another approach for testing alignment is to track the frequency of individual alleles across generations when the opportunity for sexual selection is manipulated, allowing fitness components to be integrated by the evolutionary process itself. This has been applied for a handful of deleterious alleles [34, 35] , revealing effects that vary among mutations. Given such variability, obtaining a general picture of the genome-wide consequences of sexual selection for adaptation via a single-mutation approach will be difficult. Improved inference may be achieved by genotyping multiple (as opposed to single) variants and focusing on naturally occurring genetic variation as opposed to mutations with conspicuous phenotypic effects that may affect sexual fitness directly. Doing this within the context of contrasting evolutionary manipulations of natural and sexual selection may also help identify loci that would otherwise go undetected because the varied pleiotropic effects on sexual and nonsexual fitness of different alleles may counter one another and are therefore obscured in measurements of total fitness. Although genomic approaches have been recently used to study the consequences of selection in (semi)natural settings [36, 37] , no studies have yet been able to partition the independent and combined contributions of natural and sexual selection during adaptation.
We took advantage of an evolution experiment in Drosophila serrata to characterize the link between natural and sexual selection across the genome during the early stages of adaptation to a new environment. Using a two-way factorial design involving 12 replicate populations that were all raised on a novel larval food, the opportunities for natural and sexual selection were independently manipulated to create three populations that experienced both natural and sexual selection, three in which only natural selection was reduced, three in which only sexual selection was reduced, and three in which both natural and sexual selection were reduced (Figure 1 ). The phenotypic responses to these manipulations have been well characterized [38, 39] , including a 52% increase in population mean fitness after 16 generations when natural selection was unimpeded, no detectable effect of sexual selection on adaptation, and evidence consistent with ongoing sexual conflict in the form of male-induced harm [4] . To provide a genome-wide portrait of the evolutionary response to these treatments after 13 generations of evolution, we used DNA pool-based restriction site-associated DNA (RAD) sequencing [40] , treating populations as replicates.
RAD-seq identified 1,460 bi-allelic SNPs across the 12 experimental populations. A multivariate analysis of genomewide differentiation using all 1,460 SNPs revealed a main effect of natural (F 1,8 = 1.1198, p = 0.045) but not sexual (F 1,8 = 1.04, p = 0.242) selection, and a marginally non-significant interaction (F 1,8 = 1.071, p = 0.146), consistent with the phenotypic pattern observed for changes in mean fitness in these populations [4] . Although these analyses demonstrate an effect of natural selection over genetic drift in shaping differentiation among our experimental populations, such a summary measure of many loci could obscure opposing effects between natural and sexual selection at individual loci that could effectively cancel each other. Therefore, to examine more closely the treatment effects on individual regions of the genome, we 
. Design of the Evolution Experiment
Twelve populations were derived from a common ancestor and were propagated on a novel larval corn food for 13 generations under one of four treatment combinations that independently manipulated the opportunities for natural and sexual selection (one of three populations is depicted for each treatment combination). Natural selection was manipulated during virgin collection every generation either by selecting adults from among the pooled offspring of all vials (natural selection present) or by collecting a single male-female pair from every vial (natural selection reduced). Sexual selection was manipulated during the subsequent mating phase either by pooling the collected offspring within a single bottle for mating for several days (sexual selection present) or by randomly assigning them as single male-female pairs to separate vials (sexual selection reduced). After the mating period, females were placed individually in vials for egg laying and then discarded. Fifty vials with offspring were randomly selected for virgin collection in the next generation.
dissected the selection response, analyzing changes in frequency of each individual SNP.
Individual SNP Analyses Suggest an Antagonism between Natural and Sexual Selection
We fit a generalized linear mixed model to each SNP to test the effects of natural selection, sexual selection, and their interaction on allele frequency change. Populations were treated as replicates to account for the effects of genetic drift and other sources of among-population variance (see Supplemental Experimental Procedures). 80 SNPs had overall model significance (false discovery rate [FDR]-corrected q % 0.1), providing evidence of treatment-level allele frequency changes in the genomic regions tagged by these SNPs that exceeds that expected by chance alone (i.e., changes in allele frequency that were sufficiently parallel among populations within one or more treatments to infer selection; Table S2 ). We classified these SNPs according to the presence or absence of natural and sexual selection, as well as any interaction between them, focusing on whether their effects were aligned with or opposed to one another (Figure 2 ). Of the 80 SNPs with overall model significance, the majority (47 SNPs) showed a significant interaction (p % 0.05), indicating that the effect of sexual selection on allele frequency change depended on the presence or absence of natural selection. Of the 33 SNPs that did not show an interaction (p > 0.05), 11 were affected by natural selection alone, 9 were affected by sexual selection alone, and 13 responded in both treatments, indicating either pleiotropy or linkage with respect to sexual and nonsexual fitness. Among this latter class, there was a more or less equal number of SNPs for which the effects of natural and sexual selection relative to the control were either antagonistic (7 SNPs) or aligned (6 SNPs) with one another.
Of the 47 SNPs with a significant interaction, only four showed a pattern in which the addition of sexual selection caused a further change in their frequency in the same direction as that under natural selection alone (''interaction: aligned''; Figure 2 ). For the remaining 43 SNPs, the addition of sexual selection opposed the change in frequency that occurred under natural selection alone (''interaction: antagonistic''; Figure 2 ). For 21 of these, this was manifested as a reduction of the response compared to that observed under natural selection alone, while for the other 22 SNPs the addition of sexual selection actually reversed the direction of allele frequency change, causing a SNP that increased under natural selection alone to decrease Plots depict population mean SNP frequency within each treatment for the different classifications and are illustrative only. Eighty SNPs showed evidence of selection-induced allele frequency change (overall model q % 0.1), treating populations as replicates. For 33 of these (colored wedges), the effects of natural and sexual selection were independent and were subdivided into those that responded to natural selection only (11 SNPs, blue), sexual selection only (9 SNPs, red), or both natural and sexual selection either antagonistically (7 SNPs, yellow) or concordantly (''aligned''; 6 SNPs, green), as shown by the corresponding plots. The remaining 47 SNPs (gray and white wedges) showed a significant interaction between natural and sexual selection. These were subdivided by comparing the response to natural selection alone with the response to both natural and sexual selection (i.e., the effect of adding sexual to natural selection). Relative to natural selection alone, the additional presence of sexual selection caused a further change in frequency in the same direction for only 4 SNPs (gray), whereas it caused a change in the opposite direction, and was therefore antagonistic, for the remaining 43 (white). For all classes not involved in an interaction, dashed horizontal lines refer to the average allele frequency in the control lines. For SNPs with a significant interaction, the dashed lines are set at the ''natural selection only'' treatment to highlight the effect of adding sexual to natural selection.
in frequency in the joint presence of both. Therefore, across all SNPs, the most common class of response, involving 50 of the 80 (62.5%) cases, was one in which sexual selection impeded an increase in the frequency of a SNP that increased under natural selection alone. This includes the seven classically antagonistic SNPs (i.e., opposite effects on sexual versus nonsexual fitness with no interaction), as well as the 43 SNPs in which the effect of sexual selection varied (i.e., a natural 3 sexual selection interaction) but in the presence of natural selection was antagonistic. Within this group, a comparison of allele frequencies between the natural selection alone and natural plus sexual selection treatments indicated that this hampering effect of sexual selection was statistically significant in more than 70% of the cases (36 of 50 SNPs, p < 0.05). The latter group of 43 SNPs is of particular interest because in the majority of cases (35 SNPs) the SNP also increased in frequency under sexual selection alone, despite sexual selection being antagonistic to natural selection when present alongside it. The above patterns remain if higher (5%) or lower (20%) FDR cut-offs are used instead (Table S1 ).
There are several mechanisms that could underlie such an apparently widespread antagonism of natural and sexual selection. One involves treatment-specific changes in effective population size and their potential impact on genetic drift and selection. In particular, the increased variance in reproductive success that sexual selection generates will decrease the effective population size (N e ), thereby increasing drift and potentially reducing the response to natural selection. Such a process could, in theory, explain the 21 SNPs for which the addition of sexual selection appeared to hamper natural selection-induced allele frequency change. To investigate this, in each of the 12 experimental populations we estimated nucleotide diversity (q P ) as a proxy for N e (see Supplemental Experimental Procedures). Fitting a factorial linear model to these population-level estimates revealed a main effect of natural selection reducing N e , as expected ( Figure S1 ). The lack of any detectable difference between the natural selection alone and natural plus sexual selection treatments suggests that a sexual selection-induced reduction in N e is unlikely to have hampered the response to natural selection, consistent with previous results when examining the evolution of phenotypic traits in these populations [4, 38, 39] . Finally, although a sexual selectioninduced reduction in N e could hamper the response to natural selection, increased genetic drift alone should not produce consistent patterns in the direction of allele frequency change across replicate populations within a treatment, such as the 22 SNPs for which the addition of sexual selection reversed the direction of allele frequency change compared to that observed under natural selection alone.
An alternative to differences in N e involves linkage disequilibrium (LD) among SNPs, which could have caused them to respond in a correlated way to our treatments and by chance resulted in an overestimation of the relative contribution of the antagonistic class of response. In ''evolve-and-resequence'' studies, LD can extend over much larger distances-several megabases in Drosophila-than is typical in natural populations of the study species [41] . While this can make it difficult to distinguish true targets of selection from linked sites, this was not our goal. Although pooled DNA genotyping approaches do not permit direct estimation of LD, if short-to medium-range LD were an issue, we would expect to see a preponderance of SNPs adjacent to each other on genome scaffolds evolving in similar ways. For genome scaffolds where we detected more than one significant SNP (18 scaffolds: range = 2-7 hits, mean = 3 hits per scaffold), we counted the number of times adjacent SNPs were assigned to matching or different evolutionary classes. Across all scaffolds, adjacent SNPs were assigned to different evolutionary classes twice as frequently as to matching classes (24 versus 12 instances). This pattern is in the opposite direction to that predicted under short-to medium-range LD. We note that our longest multiple-hit scaffolds are 6 Mbp long and that distances between significant SNPs on the same scaffolds were as high as 2.4 Mbp. Although it is more difficult to ascertain the extent to which long-range LD could be involved, our use of replicate populations within treatments will help mitigate this because the particular associations that arise are, via sampling, unlikely to be consistent across replicates [42] .
If neither changes in N e nor linkage were responsible, why might sexual selection have been antagonistic to natural selection in its presence yet often aligned with it on its own? Sexual conflict provides an alternative explanation. Sexual conflict occurs when the divergent reproductive interests of males and females generate sex-specific selection on shared traits. If the genetic basis of the trait differs between the sexes, a process of sexually antagonistic coevolution can occur in which traits favored in one sex can be costly to the other [43, 44] . Sexual conflict is prevalent in nature, and there are many examples of traits that increase a male's reproductive success at the expense of female fitness [45] . In our populations, if better adapted males had higher reproductive success (i.e., reproductive success was condition dependent; [3] ), then SNPs increasing nonsexual fitness may have increased in frequency under sexual selection alone. However, if males also harmed females, the evolutionary consequences of this harm could only have been manifested when variation in female fitness was allowed (i.e., when natural and sexual selection were both permitted). These combined effects could cause the evolutionary response to sexual selection on its own to align with natural selection but to become antagonistic in the presence of natural selection. A key question is whether this could substantially alter the strength or even direction of total selection on an allele.
Males Prefer and Differentially Harm High-Fitness Females during Courtship and Mating
As with other Drosophila [46, 47] , the opportunity for sexual selection in our experimental populations was associated with a direct reduction in female fitness [4] , indicating that male courtship and/ or mating was harmful. If combined with male preferences for high-fecundity mates, this sexual conflict could have hampered adaptation by directing male harm disproportionately toward females of otherwise high intrinsic fitness. This behavioral process could reduce the variance in realized fitness and the efficacy of natural selection [5] . To test this, we raised stock individuals at low and high density to generate females that differed in mean body size and, all else being equal, fecundity ( Figure 3A) . These females were then used in separate assays quantifying male mate choice and its consequences for female fitness.
When individual stock males were held with one large and one small female, they directed their sexual activity disproportionately toward the larger of the two females ( Figure 3B ), demonstrating a preference for high-fecundity mates that appears common in insects [48] . In a second assay involving mixed-sex groups, large females had lower mortality and higher subsequent fecundity than small females in the absence of an opportunity for male choice, demonstrating their greater intrinsic quality. However, given the opportunity for male choice, these survival and fecundity advantages both vanished, with large and small females having indistinguishable fitness ( Figures 3C and 3D ). Differential harm by males therefore entirely eliminated a substantial fitness difference between large and small females that would otherwise have existed in the absence of male preferences. Relative to that observed under natural selection alone, the antagonistic effect of the addition of sexual selection may therefore have occurred because the increase in nonsexual fitness provided by the genomic region tagged by the SNP was partially offset or even exceeded by the cost of the increased male attention it garnered for females carrying it.
Conclusions
A longstanding question since Darwin's original description of sexual selection has been its relationship to natural selection. Here, using experimental evolution, genome resequencing, and behavioral assays, we have shown an antagonism between natural and sexual selection that affects a potentially large number of loci and appears to arise from a mating system that features male-induced harm and male mate preferences. Although we did not measure net fitness or its components directly, a consistent change in SNP frequency across replicate populations under natural selection alone strongly implies that the tagged allele is beneficial to nonsexual fitness, and that the observed antagonism of sexual selection with this is therefore maladaptive. Our results thus suggest the existence of a potentially large class of polymorphisms that are hampered or even prevented from contributing to adaptation. Such loci are likely to be invisible to classic approaches to testing the consequences of sexual selection that average the effects across the genome but can be identified with contrasting selection treatments and genotyping. It would be interesting to apply wholegenome resequencing in future experiments to identify and annotate selected variants, giving insight into the molecular pathways subject to antagonistic interactions between natural and sexual selection. However, such experiments will likely need to be significantly larger if causal variants are to be identified [49] . Furthermore, the fates of polymorphisms could be tracked through time and over longer periods, as recent work suggests that while many variants continuously rise in frequency during adaptation, others slow once they reach intermediate frequency [50] . This latter class of loci could be subject to the antagonistic processes identified here. While our experiment addressed adaptation to a novel environment, female-condition-dependent male-induced harm was also recently implicated in hampering the purging of some individual deleterious mutations in an evolution experiment in D. melanogaster [23] , suggesting that this cost of sexual selection may impact mutation load as well as adaptation. Understanding the broader consequences of these male-female interactions and their relevance to the evolutionary history of various sexual species will require further investigation.
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The NCBI Sequence Read Archive accession number for the sequence data reported in this paper is SRA: SRP048879. The behavior dataset and draft genome scaffolds reported in this paper have been deposited at the Dryad Digital Repository with the http://dx.doi.org/10.5061/dryad.pc762. (B) When individual stock males were placed together in a vial with one large and one small female (i.e., low-and high-density-reared, respectively), they directed their sexual activity (courtship and mating) disproportionately toward the larger female (paired t test, df = 99, t = 2.57, p = 0.012). (C) Groups of 16 stock males were held for 66 hr together with 16 large, 16 small, or 8 large and 8 small females. Males were quite harmful during this interaction period, with 436 of the 1,440 females (30.3%) dying, compared to only 41 of the 1,140 males (2.8%). In the absence of variation in female size (i.e., 16 large or 16 small females; ''no choice''), the mortality of large females (C) was significantly lower than that of small females (B; c 2 = 27.4, df = 1, p < 0.001). However, when females of both sizes were present and hence male choice was possible (''choice''), the mortality of large and small females no longer differed (c 2 = 0.04, df = 1, p = 0.849).
(D) When surviving females were subsequently removed and allowed to lay eggs individually for 24 hr, in the absence of an opportunity for male choice the fecundity of large females (C) was significantly higher (78% greater) than that of small females (B; Wilcoxon rank-sum test: z = À2.25, n large = n small = 120, p = 0.024). In contrast, fecundity did not differ between large and small females sampled from the mixed groups in which male choice was possible (Wilcoxon rank-sum test: z = 0.58, n large = 118, n small = 114, p = 0.561). In (B)-(D), treatment means are shown ± 1 SE.
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